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O " cdves
. The purpose of this study was to determine the
accuracy of clue computed t raphy In the diagnosis of con-
strictive arditis .
B ad Constrictive pericarditis is characterized by ab-
litles of both cardiac structure and function . Accurate
requires detection of both a thickened pericardium and
a ventricular diastolic filling
. At present, no one diagnos-
tic to hnique has demonstrated sufficient accuracy in this setting .
Clue computed t ography is a relatively new cardiac imaging
with very high time and spatial resolution that has the
potential to accurately diagnose onstrictive pe ills .
Me ods. Twelve consecutive patients were retrospectively
Identified who had catheterization findings suggestive of constric-
tive physiol undergone a clue computed tomographic
examination and had pathologic data that delineated the status of
the
pe
um, Group 1 (with constrictive pericarditis, n ® 5)
had surgical confirmation of thickened pericardium and improved
clinically after pericardlectoumy . Group 2 (no constrictive pericar-
ditis ; n = 7) had cardlomyopathy with normal pericardium .
The clinical manifestations of contrictive pericarditis mimic
a variety of cardiopulmonary disorders, making the diagno-
sis of this condition sometimes difficult . A recent surgical
series (1) indicated that 12% of patients referred to the
operating room for pericardial resection had a normal peri-
cardiumtat the time of operation . Constrictive pericarditis is
characterized anatomically by an abnormally thickened and
noncompliant p	
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pliance during mid to late diastole . Consequently, nearly all
ventricular filling occurs very rapidly in early diastole. This
results in elevated cardiac filling pressures and the charac-
teristic hemodynamic waveforms during which the diastolic
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MYOCARDIAL DISEASE
Seven normal volunteers (Group 3) were also s'udied. Clue
computed tomograms were obtained for the entire heart (8-nun
slices, 17 framesls, nonionic contrast medium) . Perir:ardial thick-
ness was measured at 10° intervals at three ventricular levels in
each subject . The rapidity of diastolic filling was assessed by
calculating the percent filling fraction in early diastole .
Results. Pericardial thickness was 10 2 min (mean ± SD) in
Group 1, 2 :e 1 mm in Group 2 and 1 1 min in Group 3 (p
0.05, constrictive pericarditls vs . no constrictive pericarditis) . Left
ventricular filling fraction was ;°3 6% in Group 1, 62 ± 9 in
Group 2 and 44 ± 5% in Grot°p 3 . Right ventricular filling
fraction was 93 t S in Group 1, 62 ± 14% in Group 2 and
3S :t 6% in Group 3 (p < 0.05, Group I vs . Groups 2 and 3). Both
indexes provided a clear-cut distinction between patients with and
without constriction .
Conclusions. Chic computed tomography simultaneously pro .
vides both anatomic and physiologic data that allow accurate
preoperative diagnosis of pericardial constriction .
(J Am Coll Cardiol 1993;22 .832-8)
pressures of the cardiac chambers equalize (2) . The clinical
presentation of constrictive pericarditis is not unique, how-
ever, because several other conditions can produce similar
signs, symptoms and hemodynamic data (3) .
The ideal single-imaging technique for the accurate pre-
operative diagnosis of pericardial constriction would simul-
taneously provide both anatomic data describing the thick-
ened periuard -jum and physiologic data describing the
abnormal diastolic ventricular filling . Several imaging tech-
niques have been reported to have the ability to identify
either the abnormal structure or the abnormal function of
patients with this disorder. However, none of these tech-
niques have been validated to simultaneously provide an
accurate assessment of both the anatomic and the pnysto-
logic features of this syndrome .
Cine computed tomography is a relatively new imaging
technique that provides very high resolution tomographic
cardiac images. It has demonstrated precision in the quanti-
tative assessment of right and left ventricular structure and
both systolic and diastolic function (4-8) . In addition, cine
computed tomographic measurements of pericardial thick-
ness in ex vivo preparations have been shown to correlate
well with histologic assessments (9) . Thus, cine computed
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tomography may allow the simultaneous demonstration of
the altered anatomy and physiology seen in constrictive
pericarditis . Therefore, the following study was performed
to determine the ability of this technique to provide an
accurate preoperative assessment of patients with suspected
pericardial constriction .
Methods
Study group . The study group comprised 12 patients and
7 normal subjects . Patients were identified by review of the
data base at the University of Iowa and included all patients
from November 1985 to October 1990 with the following
inclusion criteria : 1) clinical suspicion of pericardial con-
striction, 2) hemodynamic data on cardiac catheterization
consistent with pericardial constriction (2) (including equal-
ization of diastolic pressures and the characteristic pressure
waveforins) ; 3) cine computed tomographic examination,
and 4) patholop',, data that delineated the status of the
pericardium .
Examination of these data revealed 12 patients who were
separated into two groups on the basis of the pathologic
data. Group I (with constrictive pericarditis ; mean age 62 ±
7 years) comprised five patients with clinical and surgical
evidence of pericardial constriction, including both thick-
ened pericardium at operation and sustained clinical im-
provement after pericardectomy . Group 2 (no constrictive
pericarditis, mean age 66 ± 5 years) comprised seven
patients with both a clinical suspicion and a hemodynamic
profile suggestive of pericardial constriction but with patho-
logic evidence of either 1) normal pericardium at autopsy or
operation, or 2) myocardial inflammation and fibrosis on
endomyocardial biopsy . Group 3 comprised seven normal
volunteers (mean age 23 ± 3 years) who underwent cine
computed tomographic examination .
Cine computed tomography . General description of the
system. The tine computed tomographic machine used in
these studies is the Imatron C-100 and has been described
elsewhere (4-40) . In the scanning mode used in the present
study, tomographic movies consisting of eight levels and
10 frames are generated . Acquisition time is 58
ins/frame,
slice thickness is 8 mm . Nonionic contrast medium injected
at a rate of 1 .5 to 2.5 mils was utilized in al studies to
delineate the cardiac chambers . Two dye injection/scanning
sequences are required to image the whole heart . This
method has been previously demonstrated to exert negligible
effects on systolic function, hemodynamic variables and
ventricular volumes (6) .
Image analysis . All cine computed tomographic images
were analyzed for right and left ventricular end-diastolic and
end-systolic volumes, heart rate, pericardial thickness and
early diastolic filling characteristics .
The volumes of the entire right and left ventricles were
calculated using methods described and validated previously
in animal models that utilize a modified Simpson's rule (6) .
The timing of the end-diastolic image was computer-
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triggered or, the R wave of the electrocardiogram (ECG),
whereas the end-systolic image was identified visually as the
image in which the left ventricular volume was the smallest .
Early diastolic filling characteristics were determined using
frame by frame analysis of
ventricular
volumes at each frame
during diastole. Of the 10 One frames in each tomographic
movie, 6 to 7 occurred during systole, leaving 3 or 4 diastolic
images in each movie available for analysis . This truncation
of the imaging sequence is necessary owing to the limited
image storage capacity of the imaging computer . Although
the use of more images per cardiac cycle may be preferable,
it would require additional dye injection and X-ray exposure .
The cumulative filling fraction (%FF) was calculated for
each framing time in the diastolic period by the following
formula :
F F ~-
Va -
,
ESV
x 100%,
S V
where Vol = ventricular volume (in ml) at the framing time,
ESV = end-systolic volume and SV = stroke volume . The
result was equal to the fraction of total diastolic filling that
had occurred at each cine computed tomographic frame
during early diastole.
Pericardial thickness was determined by a computer-
assisted edge detection system previously described in ani-
mal experiments to determine left ventricular mass (5) . In
this method, a line was manually drawn from the myocar-
dium, across the pericardium and into the adjacent tissue
(usually lung). Image analysis software then generated a
graph of computed tomographic density versus distance
along this line . Because the pericardium is of a higher
computed tomographic number than the surrounding struc-
tures, three peaks were produced in this graph : one for the
myocardium, one for the pericardium and one for the sur-
rounding tissue . Pericardial thickness was then measured as
the width of the pericardial peak at one half of its height
(Fig. 1) . In this study the pericardial thickness was assessed
at 10° intervals around the circumference of both right and
left ventricles at low, mid and high ventricular levels, and an
average value for each patient or subject was determined as
the mean of these values. The presence of pericardial
calcification was assessed visually by its characteristic high
radiodensity . In four normal subjects and two patients in
Group 2, there were some segments in which the pericar-
dium was not visible, and no plateau could be identified
between the myocardial density and its surrounding struc-
ture. In this situation, which occurred in <5% of pericardial
thickness measuremc .?its in these subjects, a pericardial
thickness of 0.5 mm was assigned to these areas for statis-
tical purposes .
Statistical analysis. Data on clinical characteristics, early
ventricular diastolic filling and pericardial thickness in each
patient and subject were calculated and reported as mean
value ± SD. Intergroup comparisons were performed by
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repeated measures analysis of variance . A p value < 0.05
was considered statistically significant .
Results
Clinical characteristics of the patients (Table 1) . The pre-
sumed etiology of pericardial thickening in Group I included
external radiation (n = 1), previous coronary artery bypass
grafting (n = 1) and idiopathic origin (n = 3), The etiology of
cardiac disease in Group 2 consisted of regurgitant valvular
disease (n = 2) and ischernic (n = 2) or idiopathic
(ti
= 3)
cardiomyopathy. The normal status of the pericardium in
Group 2 was identified by autopsy in three patients . Two
patients with cardiotnyopathy had "mild inflammation and
fibrosis" on endomyocardial biopsy . The remaining two
Tabk t, hlemodynamic Profile of the Study Population
*p < 0.05 . Group 3 versus Group I or 2
. All p = NS for Group I verses
2, Values presented mean value ± SD
. Cl = cardiac index; Group 1 =
patients with surgical evidence for constrictive
pe icarditis ; Group 2 =
patients with suspected pericardial constriction but normal pericardium
;
Group 3 = trormal volunteers
; NA = not
;available ; PAP = pulmonary artery
pressure
; PWP = pulmonary wedge. pressure
; RAP = right aerial pressure ;
RVP = right ventricular pressure .
Figure 1. Example of computer-assisted
measurement of pericardial thickness .
Left panel, Totnograat taken at the
midventricular level from a patient
with constrictive pericarditis and a
thickened, noncalcifted pericardium . A
manually drawn line (A) extends from
the myocardium, across the thickened
pericardium and into the surrounding
lung tissue. - t panel, Computer-
generated graph of computed tomo-
graphic density (verfical axis) versus
the length of line A (horizontal ).
Proceeding from left to right : A small
"dip" is followed by a pericardial
`Ipeak" of approritu°ately 180 com-
puted totnographic (CT units . This is
followed by the pcricardiuntllurrg tran-
sition. Pericardial thickness is men-
sured as the width of the pericardial
peak at one half of its height, using
both leading and lraiP~~g edges . This
particular pericardial segment was
measured at 7 mm . LV
k
left ventricle ;
RV = right ventricle .
patients had visually normal pericardium at operation . All
patients in Groups 1 and 2 had symptoms (including periph-
eral edema and dyspnea) classified in New York Heart
Association functional class 1110 = 3 in Group 1, n = 4 in
Group 2) or IV (n = 2 in Group 1, n = 3 in Group 2) . The
hemodynatnic profiles of the patients in Groups 1 and 2 were
similar and demonstrated diastolic equalization of pressures.
Ventricular volumetric data (Table 2) . No significant dif-
ferences were noted in end-diastolic volume of either the
right or the left ventricle between any of the groups. Right
ventricular ejection fraction was not significantly different
between the groups . Left ventricular ejection fraction was
significantly higher in Group 3 than in Group l and tended to
Table 2. Ventricular Volumetric Data
Group I Group 2 Group 3
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*p < 0_05, Group 3 versus Group 1 ; all others, p = NS . Values are
presented as mean value ± SD. EDV and EDVI = end-diastolic volume and
end-diastolic volume index, respectively ; EF = ejection fraction ; ESV and
ESVI = end-systolic volume and end-systolic volume index, respectively ;
Groups I to 3 as in Table 1 . LV = left ventricular; RV = right ventricular .
(a=5) (n=7) (n=7)
RV EDV (ml) 176 ¢ 17 183 ± 14 146 ± 7
RV EDVI (mlim z ) 93 ± 15 94 ± 13 75 t 8
LV EDV (ml) 164 ± 15 171 ± 18 135 ± 8
LV EDVI (mlWm) 84 ± 13 88 ± 15 68 :t 7
RV ESV (nil) 101 ± 11 97 ± 13 65 :t 5
RV ESVI (mum) 53 t 9 50 ± 12 33 ± 5*
LV ESV (ml) 84 ± 16 86 ± 18 49 :t 8
LV ESVI (mum) 44 ± 15 44 ± 17 25 ± 9
EF R
RV 42±8 47± 11 54±4
LV 49±9 51±13 64±5*
Group Group 2 Grou 3
Pressures (mm )
Mean RAP 17 ± 2 18±2 NA
RVP systolic 48*5 5I)±4 NA
RVP diastolic 18*3 17±4 NA
PAP systolic 46±4 49±5 NA
PAP diastolic 21 e4 22*_2 NA
PWP
20 ± 3 NA
Cl (litersimin per m'- ) 2.5 t 0.7 2,3 ± 0.5 NA
Heart rate (beatslmin) 83 ± 4 82±5 68 ± 3'
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September NA"Ylt
% Total
LV Diastolic
	
50
Fining
Time after end-systole
(ms)
loci
0 ; Total
RV DOMiAlic 50
Fdhncl
Time after end-systole
1B
(n-) S)
Figure 2 . Early diastolic filling characteristics of the three study
groups. By the third cine computed tomographic frame after end-
systole, the patients with pathe'logically confirmed constrictive
pericarditis (CP) (Group 1) had achieved a significantly greater
degree of left ventricular (LV) filling (A) than had either the patients
without pericardial constriction (No CP) (Group 2) or the normal
subjects (NI) (Group 3) . The results are similar but more marked for
the early right ventricular (RV) diastolic filling data (El) . *p < 0.05,
Group I vs. Group 2
. tp < 0.05, Group 2 vs . Group 3 .
be higher than that in Group 2 (p = 0 .08). Right ventricular
end-systolic volume was significantly lower in Group 3 .
Early diastolic filling data . The results of the early dia-
stolic filling data for both the right and the left ventricles in
all three groups are shown in Figure 2 . They indicate that in
Group I (with constrictive pericarditis), the early diastolic
filling of either ventricle was significantly more rapid than in
either Group 2 (no constrictive pericarditis) or Group 3
(normal subjects) . A significant variation in the diastolic
filling patterns of the three groups became apparent at the
third diastolic tine computed tomographic frame .
For the left ventricle, by the third tine computed tomo-
graphic frame after end-systole, the patients in Group I had
achieved 83 ± 6% of total diastolic filling, a significantly
greater proportion than that in either Group 2 (62 ± 9%, p <
0.05) or Group 3 (44 ± 5%, p < 0.05). The results were
similar but more marked for the right ventricle . Examination
OREN ET AL .
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Figure I Pericardial thickness measurements in patients with
pathologic evidence of constrictive pericarditis (CP) (Group I),
patients with the hemodyno mic profile of constrictive pericarditis
but with pathologic evidence of normal pericardium (no CP) (Group
2) and normal subjects (NI) (Group 3)
. A clear separation, with no
overlap, exists between the n
-,casureffients of those with and those
without pericardial constriction .
of the third cine computed tomograDhic frame after end
systole indicated that the patients in Group I had achieved
nearly complete diastolic filling (93 ± 5%), a value signifi-
cantly greater than that in either of the other groups (Group
2, 62 ± 14%, p < 0.05 ; Group 3, 35 ± 6%, p < 0 .01). There
was no overlap in diastolic filling data between groups . All
patients with pericardial constriction had more rapid filling
of both ventricles than did all patients without constriction .
The heart rate, a determinant of diastolic function, during
the cine computed tomographic examination was not signif-
icantly different between the patient groups (Group 1, 83 ±
4 beats/min; Group 2, 82 ± 5 beats/min, p NS) but was
significantly lower in the normal subjects (68 3 beats/min,
p < 0.05) . The third tine computed tomographic frame after
end-systole occurred between one third and one half of total
diastolic filling in all groups . The percent of total diastolic
filling time at which the third frame occurred ranged from
37% to 46% in Group 1, from 35% to 49% in Group 2 and
from 30% to 39% in Group 3 (all p = NS) .
Pericardial thickness data . In Group I two of five patients
had an irregularly calcified pericardium that ranged from 3 to
18 mm in thickness, whereas the remaining three patients
had a homogeneously thickened noncalcified pericardium
(range 8 to 14 mm) . In all patients in Group 2 and all subjects
in Group 3, the pericardium was homogeneous, noncalcified
and <3 mm thick .
The mean pericardial thickness for each patient and
subject is shown in Figure 3 . The group mean pericardial
thickness in Group I was 10 ± 2 mm, which was significantly
greater than that in Group 2 (2 ± I mm, p < 0 .05) or Group
3 (1 ± 1 mm, p < 0.05). No overlap existed between the
pericardial thickness measurements for patients in Groups I
and 2. Examples of cine computed tomographic images from
836
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two patients with surgical evidence of pericardial constric-
tion and one patient with suspected pericardial consOction
are shown in Figure 4 .
Discussion
The most important finding is that tine computed tomog-
raphy provides the necessary anatomic and physiologic data
required to reliably differentiate between patients with and
without constrictive pericarditis . Second, these studies pro-
viJe the first volumetric assessment of the abnormal dia-
stolic filling of the right ventricle that occurs in clinical
constrictive pericarditis .
Although other imaging techniques have been described
that assist in the evaluation of patients with suspected
pericardial constriction, none has been validated to simulta-
neously describe the altered anatomy and physiology seen in
this pathologic state. Visualization of the thickened pericar-
dium in patients with constrictive pericarditis has been
reported using conventional computed tomography (11-13)
and magnetic resonance imaging (14,15) ; however, a recent
clinical study reported that conventional computed tomog-
raphy failed to detect the abnormal pericardium in 6 (21%) of
Figure 4
. Examples of clue computed tomographic images
from two of the patients with pathologically confirmed con-
strictive pericarditis (panels A and B) and from a patient with
clinically suspected constrictive pericarditis but a normal
pericardium at autopsy
(panel C). In panel R a densely
calcified irregularly thickened pericardium is seen, whereas
in panel A
a noncalcified homogeneously thickened pericar-
dium is noted. C = contrast medium in right atrium
; P
pericardium; other abbreviations as in Pigure 1
.
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29 patients with surgically documented constriction (16) .
Soulen et al. (14) demonstrated the ability of magnetic
resonance imaging to detect pericardial thickening, but sur-
gical or pathologic data corroborating the status of the
pericardium in their series were absent . In the report of their
experience with magnetic resonance imaging, Sechtem et al .
(15) reported that the signal characteristics of pericardial
fluid, fat and fibrosis were similar . They relied on "other
abnormalities" in the -mage that allowed identification of
pericardial thickening in five or six patients with surgically
confirmed pericardial thickening . The potential usefulness of
echocardiography has been evaluated in both experimental
and clinical constrictive pericarditis (17-22) . Tyberg et al .
(23) examined the diastolic filling characteristics of seven
patients with constrictive pericarditis using digitized con-
trast ventriculography and demonstrated that diastolic ven-
tricular filling was nearly complete by mid-diastole . This
abnormal physiology has also been demonstrated by radio-
nuclide veritriculography (24,25) . None of these imaging
modalities ha ;  been shown to provide both anatomic and
physiologic information necessary to confirm a diagnosis of
pericardiall constriction . The potential utility of cine com-
puted tomography is highlighted by the seven patients in
JACC Vol . 22, No, 3
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Group 2 who had an e .-ioneous diagnosis of pericardial
constriction based on a complete conventional evaluation,
including invasive hemodynamic study .
The data in the current study demonstrate that, by
analyzing the degree of total diastolic filling that occurs in
the first one-third to one.-half of diastole, the abnormally
rapid early diastolic filling of the left ventricle in patients
with pericardial const.-iction can be identified with cine
computed tomography and differentiated from findings in
patients without constrictive pericarditis . In addition, the
study data indicate that the rapid early diastolic filling alse
occurs in the right ventricle and suggest that this abnormality
is more pronounced in the right than in the left ventricle .
Finally, the study demonstrates that the spatial resolution of
the cine computed tomograp!oic image is able to clearly
separate the thickened pericardium of clinical constrictive
peticarditis front the normal pericardium that was noted in
the control group. This separation was clear both when the
thickened pericardium was irregular and densely calcified
and when it was homogeneously thickened and noncalcified .
Study limitations. Several aspects of the current study
deserve comment. 1) Because of the rare nature of this
condition, these studies were necessarily retrospective and
included a small number of patients . 2) No clinically unstable
patients were studied ; however, the rapid image acquisition
time of cine computed tomography lends itself to the study
of critically ill patients . Although it is likely that early
diastolic images and accurate assessments of pericardial
thickness could be obtained in patients with tachycardia or
tachypnea, this remains to be critically evaluated . 3) The
accurate definition of diastolic ventricular filling depends on
an accurate definition of end-systole . One potential concern
of an imaging procedure with a relatively slow framing rate
such as cine computed tomography is that the end-systolic
frame may not represent true end-systole . Rumberger et al .
(7) addressed these concerns in studies describing the utility
of cine computed tomography in assessing diastolic function .
They concluded that a framing rate of 17 frames/s (as was
used in the current study) adequately defined end-systole .
4) The classic definition of patients with constrictive pericar-
ditis describes normal left ventricular systolic function,
whereas the patients in the current study demonstrated a
mild decrease in left ventricular ejection fraction and a
statistically insignificant trend toward an increase in left
ventricular end-diastolic volume compared with values in
normal subjects . This decrease has been described in previi
ous studies as well (25) and may be related to epicardial
fibrosis or atrophy (26,27) and seems to indicate a worse
postoperative prognosis (28). The increase in ventricular
volume may also be due in part to the elevated filling
pressures. 5) Group 2 is a pathophysiologically heteroge-
neous group. We do not intend the data to support any
conclusions with regard to cardiac structure or performance
in this group other than to state that they can be clearly
distinguished from patients with pericardial constriction .
6) The accuracy of pericardial thickness measurements may
OREN ET AL
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be improved by use of the newer "high resolution" scanning
mode (3-mm slices, 0.7-mm in-plane resolution) ; however,
this requires additional scanning sequences and does not
yield dynamic global to volumetric data
. 7) The patients
were significantly older than the normal subjects . It is not
likely that this difference accounts for the difference in
diastolic filling . Bonow et al . (29) have shown that diastolic
filling rate tends to decrease with age, whereas our patients
demonstrated a pronounced increase . 8) Two patients in
Group 2 had biopsy evidence of cardiomyopathy . Although
this finding does not absolutely exclude the possibility of
pericardial constriction, it does provide an explanation for
their clinical presentation . Reanalysis of our data excluding
these two patients does not alter any of the conclusions of
this study .
Conclusions . These studies provide validation that, in
contrast to other imaging modalities, cine computed tomog-
raphy can define N)th the thickened pericardium and abnor-
mal rapid diastolic filling that characterize patients with
constrictive pericarditis . Thus, cine computed tomography
can simultaneously obtain both the anatomic and physiologic
data necessary for the accurate preoperative diagnosis of
pericardial constriction .
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